INTRODUCTION
Obesity remains a major health issue affecting as many as two-thirds of adults in the USA and one-third children. 1 There is increased morbidity and mortality attributable to obesity: overweight or obese individuals are at increased risk of hypertension, dyslipidemia, type 2 diabetes, coronary heart disease, stroke, some cancers (including endometrial, breast and colon), osteoarthritis, sleep apnoea and asthma. 1 2 Alarmingly, obesity rates are quickly rising.
One pathway by which obesity may increase the risk of several diseases is via systemic inflammation.
Adipose tissue secretes proinflammatory adipocytederived cytokines, or adipokines, into the circulation. 3 Elevated levels of inflammatory adipokines further stimulate adipose tissue expansion, thus inducing a positive feedback cycle of adipokine secretion and tissue inflammation. 4 Specifically, proinflammatory adipokines have been linked to the accumulation of adipose tissue deep in the thorax and around viscera. 5 6 These visceral fat stores, in particular, are thought responsible for the generation of elevated markers of systemic inflammation. 7 A large cohort study observed that obese participants' sera had 60% higher C-reactive protein (CRP) levels, 28% higher tumour necrosis factor (TNF)-α levels, 36% higher amyloid A levels, 15% higher white blood cell counts and 46% higher interleukin-6 (IL-6) levels, when compared to those of normal weight after adjusting for potential confounders including sex and age. 5 Rheumatoid arthritis (RA) is a systemic autoimmune disease of unknown aetiology that leads to systemic inflammation and synovial joint destruction. Prior studies examining the association between Body Mass Index (BMI) and the development of RA have yielded differing results. Several studies have observed an association between obesity and increased odds of RA, [8] [9] [10] [11] [12] in particular, anticitrullinated protein antibody (ACPA)-negative RA. 13 Conversely, other case-control studies, 14 15 and cross-sectional and prospective cohort studies, 11 16 have observed no association between obesity and RA, or serologic subtypes of RA. A single study reported an association between obesity and the development among ACPA-negative RA in women and an inverse association between BMI and ACPA-positive RA in men. 17 These conflicting results may reflect modification of the association between BMI and RA by age of RA diagnosis. Potentially, RA onset at older ages may be due to different risk factors than RA diagnosed at younger ages. We aimed to investigate the association between increased BMI at different stages of adulthood and risk of developing RA among women enrolled in the prospective Nurses' Health Study (NHS) cohorts. 55 years, recruited through the state licensing boards. Nurses' Health Study II (NHSII) is a prospective cohort study that began in 1989, enrolling 116 430 female nurses aged 25-42 years. Women in both cohorts complete detailed, mailed questionnaires every 2 years regarding their health outcomes and lifestyle practices. Based on self-report, more than 90% of women in both cohorts are Caucasian, reflecting the ethnicity of women entering the nursing profession during the recruitment years. Follow-up rate has been high with about 5.0% of persontime lost to follow-up. In both cohorts, women completed an initial questionnaire and have been followed biennially to update exposures, lifestyle, health practices and disease diagnoses. The National Death Index is searched every 2 years for nonresponders, to validate mortality. 18 All participants provided informed consent. All aspects of this study were approved by the Partners Healthcare Institutional Review Board.
RA case identification
RA case identification was a two-stage procedure. The connective tissue disease (CTD) screening questionnaire (CSQ) was mailed to participants who self-reported a new physician diagnosis of RA. 19 Medical records of those with positive CSQ were then requested and reviewed independently by two boardcertified rheumatologists to validate RA according to the 1987 American College of Rheumatology RA classification criteria. 20 Participants who self-reported any CTD, including RA, prior to baseline were excluded. Women included in these analyses had new, definite, confirmed incident RA, documented serologic status (rheumatoid factor, RF and/or ACPA) and date of diagnosis and symptom onset from the medical records. For women diagnosed with RA prior to ACPA (CCP tests) availability in the USA in the 1990s, serostatus was determined solely by rheumatoid factor. RF was available in nearly all women, but if not tested, serologic status was coded negative.
We included participants in NHS and NHSII cohorts who had body weight and height data at baseline (1976 in NHS and 1989 in NHSII). We excluded prevalent cases of RA diagnosed before 1976 in NHS and 1989 in NHSII. We censored all women who reported psoriasis, psoriatic arthritis or other CTDs at self-report date, unless the diagnosis was subsequently confirmed as RA. Women lost to follow-up were censored at their last response to questionnaires because incident RA could not subsequently be identified. We excluded women with underweight (BMI<18.5 kg/m 2 ) since this may indicate other preclinical conditions.
Definitions of overweight and obesity
All information about body weight, height and study covariates was self-reported on the mailed questionnaires administered every 2 years since 1976 in NHS, and since 1989 in NHS II, and updated through follow-up. The questionnaire also asked about weight in early adulthood (age 18 years). The accuracy of self-reported anthropometric measures was evaluated among 140 NHS participants by having trained technicians visit those participants on two occasions. 21 After adjustment for age and within-person variability, the Pearson correlation coefficient between self-report and the average of the two technician measurements was 0.97 for weight. 21 In order to investigate the potential cumulative dose-effect of obesity, we calculated average BMI values from all the preceding measures over the study period (cumulative average BMI). If BMI was missing for one questionnaire cycle, the measurements from the available years were averaged. As an alternative method to assess cumulative effects, we estimated the risk of RA associated with years of duration of obesity. 23 This method assumes that persistent obesity has a biologic effect.
Covariates
We selected covariates based on prior studies associating them with either RA or BMI, and included each as time-varying variables. 24 25 Cigarette smoking is a strong environmental risk factor for RA and is correlated with alcohol intake. 24 We adjusted for pack-years of smoking ( product of years of smoking and packs of cigarettes per day) in analyses. Previous studies found moderate alcohol intake may reduce the risk of RA. 26 27 Alcohol consumption was assessed by a semiquantitative food frequency questionnaire. We categorised alcohol consumption as: <5.0, 5.0-15.0 and ≥15 g/day. 28 Measures of physical activity were calculated from total metabolic equivalent (MET) scores determined by average oxygen consumption per unit time estimated for specific activities as compared to resting oxygen uptake. 29 As a proxy of socioeconomic status, we included the 2000 US Census tract median income for the nurses' residences. Additional covariates were considered and included in sensitivity analyses. These included reproductive covariates of parity and duration of breastfeeding, age at menarche, oral contraceptive use, menopausal status and postmenopausal hormone use. 25 A prior study of self-reported periodontal surgery and tooth loss as proxies for history of periodontal disease and RA in NHS did not demonstrate a significant association, hence we did not include covariates for periodontal disease in our multivariable models. 30 
Statistical analysis
All analyses were conducted separately in NHS and NHSII and results were combined using random effects models. 31 Descriptive statistics, such as frequency tables for categorical variables and minimum, maximum, mean and SD for continuous variables were used to summarise the data and detect outliers and missing values. Baseline age-adjusted characteristics across categories of BMI were compared using analysis of variance or Kruskal-Wallis tests for continuous variables, and χ 2 tests for categorical variables.
For each woman, person-years of follow-up were calculated from the date of return of the baseline questionnaire to the end of follow-up defined as RA diagnosis, censorship due to reported psoriasis or rheumatic disease not confirmed as RA, censorship due to cancer, death, or end of follow-up, whichever came first. We used Cox proportional hazards (PH) models to assess associations between time-varying or cumulative BMI categories of overweight and obesity on the incidence of RA after controlling for time-varying covariates including age, smoking, alcohol use, physical activity, as well as median census-tract household income. We also evaluated women's reproductive factors (menarche age, parity/breastfeeding, menopausal status and postmenopausal hormone use) in separate models. The multivariable-adjusted HRs approximating relative risk (RR) for associations between categories of BMI and RA were calculated along with their 95% CIs. The population-attributable risk (PAR) was also calculated to evaluate the risk difference between overweight/obese women and normal weight women. Tests for linear trend were performed by using the median value of each BMI category and modelling these as continuous variables. The PH assumption was tested by including an interaction term between BMI and the follow-up time in the Cox proportional model. The PH assumption was valid in both cohorts ( p for interaction was 0.72 in NHS, 0.81 in NHSII). Similarly we also did not find the PH assumption violation with other covariates in the model. Pooled HR estimates of the two cohorts were calculated using a random effects model, and heterogeneity was assessed using the DerSimonian-Laird method. 31 All analyses were performed using SAS V.9.3 (SAS Institute, Cary, North Carolina, USA).
Analyses were repeated stratified by RA serologic status (RF and/or ACPA positive) in both cohorts to evaluate whether the association between BMI and RA differed by serological status of RA cases. To examine the difference in effects of overweight and obesity by age at RA diagnosis, we restricted analyses to those with earlier RA onset. Currently, there are no universal definitions for early and late onset RA, with age thresholds ranging from 45 years to 65 years in past studies. 32 On average, women reach their peak BMI between the ages of 50 and 59. 33 One past study observed that obesity was associated with onset of RA among women diagnosed on average at age 55.9 years. 10 Therefore, we defined diagnosis at or before age 55 years as early onset of RA based on this prior literature and our hypothesis that risk factors for early onset RA differ from later onset RA. In NHS, 41% of the RA cases were early onset RA, while more than 83% were early onset RA in NHSII, reflecting younger ages at the start of NHSII and shorter follow-up than NHS. Additionally, we assessed the interactions of BMI categories with age, smoking pack-years and alcohol consumption to evaluate the potential effect modifications.
We performed several sensitivity analyses. We added additional covariates for women's reproductive factors previously observed to be associated with RA in some studies (menarche age, parity/breastfeeding, menopausal status and post-menopausal hormone use) to the models. We performed lagged analyses updating BMI measures up to 4 years and 6 years prior to RA diagnosis to avoid potential reverse causation. We repeated analyses after excluding participants with a history of cancer at baseline and censoring incident cancer cases at self-reported date. Finally, to consider the measurement error of BMI due to pregnancy, we conducted a sensitivity analysis in NHSII where women were asked their pregnancy status. For women reporting a current pregnancy, we replaced current BMI with the measure of one cycle before (carry forward by one cycle). Table 1 summarises the baseline characteristics of NHS and NHSII participants by BMI category. The prevalence of obesity was 8.3% in NHS and 11.8% in NHSII. NHS women, on average, were older at enrolment (mean age 42.9 (SD±7.2) years) compared with NHSII women (mean age 34.4 (SD±4.7) years). NHS RA cases were, on average, about 10 years older than NHSII RA cases at diagnosis of RA (age 57.9 vs age 47.6) with 41% of RA cases and 83% of NHSII RA cases diagnosed at or before 55 years of age. A higher proportion of NHSII participants reported never smoking, higher levels of physical activity, and oral contraceptive use. The age-adjusted incidence rate of RA was 30/100 000 person-years in NHS, ranging from 27 to 32/100 000 personyears, and 18/100 000 person-years in NHSII, ranging from 12 to 27/100 000 person-years, across increasing categories of BMI. These incidence rates are lower than that previously reported in Rochester, Minnesota, USA, yet consistent with prior reports from Massachusetts, USA, and other European countries. 34 In analyses of time-varying BMI, we observed a trend toward increased risk of RA among overweight and obese women ( pooled HR (95% CI) were 1.37 (0.95 to 1.98) and 1.37 (0.91 to 2.09), p for trend=0.068)) compared to women of normal BMI, that was statistically significant in NHSII, but not in NHS (table 2) . In analyses restricted to those women diagnosed with RA at age 55 years or younger (312 cases in NHS, 306 cases in NHSII), the association appeared stronger in both cohorts with the pooled HR of 1.45 (1.03 to 2.03) for overweight women and HR 1.65 (1.34 to 2.05) for obese women. The PAR % for overweight and obesity was 10% in NHS and 40% in NHSII. When we repeated our analyses stratifying cases by RA serologic status, we observed comparable positive associations between overweight and obesity and seropositive and seronegative RA, and associations were also stronger for RA cases diagnosed at earlier ages (table 2). By contrast, when we restricted to RA cases whose diagnosis age was over 55 years, we did not observe a significant association between BMI and risk of RA (data not shown), though this was limited by small numbers of older onset RA cases in NHSII. There was no statistically significant difference in the association between BMI and RA among heavy smokers (≥10 pack years) compared to light or non-smokers (<10 pack years) ( p for interaction was 0.550 in NHS, 0.486 in NHSII, see online supplementary table S1). Similarly, no significant interactions were observed between BMI and age or physical activity on risk of RA in both cohorts.
RESULTS

Our
Analyses using cumulative average BMI demonstrated that being overweight or obese was significantly associated with increased risk of RA overall ( pooled HR 1.23 (1.06 to 1.44) for obese women, 1.34 (1.06 to 1.68) for overweight women) (table 3). For RA cases diagnosed at age 55 years or younger, the pooled HR was 1.26 (1.01, 1.57) for overweight women and HR 1.51 (1.20 to 1.88) for obese women. Additionally, using an alternative way to measure the long-term effect of obesity, the number of years of obesity was also associated with risk of RA only among those diagnosed at age 55 years or younger. Ten cumulative years of being obese, conferred a 37% increased risk of RA onset ≤ age 55 years (HR 1.37, 95% CI 1.11 to 1.69). When stratified by serologic status, this 10-year obesity risk was significant among seropositive RA cases (HR 1.37 (1.10 to 1.71) but not among seronegative cases. The results from lagged analyses, using BMI measures at 4 years and 6 years prior to RA diagnosis, were consistent with those of time-varying BMI and cumulative average BMI demonstrating a reduced likelihood for observed associations to be due to reverse causation. Also, we observed that being in the upper range of normal BMI (23.0-24.9 kg/m 2 ) and overweight at age 18 years was only associated with increased risk of seropositive RA, but not seronegative RA in pooled analysis (table 4) . The sensitivity analysis with additional adjustment for women's reproductive factors (menarche age, parity/breastfeeding, menopausal status and postmenopausal hormone use), demonstrated no major change in point estimates or significance of the findings. The lagged analyses and analyses excluding cancer cases gave similar results. And lastly, in NHSII, sensitivity analyses replacing pregnancy weights with non-pregnant weights from the prior cycle, demonstrated no difference from the primary results.
DISCUSSION
In two large prospective cohort studies of women, we observed a significant association between being overweight and obese and developing seropositive and seronegative RA, that appeared to be stronger among women diagnosed at younger ages. We also observed that being overweight or obese at 18 years of age was associated with a 35% increased risk of developing RA, and an almost 50% increased risk of developing seropositive RA in adulthood. We observed a 'dose-effect' of obesity years on risk of RA at age 55 years or younger with a 37% increased risk of RA associated with a history of 10 years of being obese.
A recent large population-based case-control study, the Swedish Epidemiological Investigation of Rheumatoid Arthritis (EIRA) cohort observed a significant association between obesity and ACPA-negative RA among women (OR 1.6 (95% CI 1.0 to 3.3)), and no association between obesity and ACPA-positive RA among women. 17 Similarly, a Danish study of 515 RA cases observed a statistically significant association between obesity and risk of ACPA-negative RA (OR 1.34, (95% CI 1.73 to 5.98)). 13 Yet the population-based, prospective cohort EPIC-Norfolk study observed that after following participants for a median of 14 years, obesity was not significantly associated with increased risk of inflammatory arthritis or RA in their multivariable adjusted models. 11 An earlier study using the NHS cohort with only 115 incident definite RA cases, observed a trend towards a positive association between increasing BMI and RA which was not statistically significant, 35 likely due to being underpowered, and did not stratify by age at diagnosis of RA. The differences between our findings and those of prior studies may be explained by differences in population demographics and study design. Case-control studies obtain covariate information retrospectively, and thus are vulnerable to recall bias. Weight may change near RA diagnosis due to metabolic effects of preclinical RA and reduced activity levels due to musculoskeletal symptoms. Our study collected data on height and weight prospectively, before the diagnosis of RA. Prior studies also did not adjust for physical activity in their analyses, a potentially important confounder of the BMI and RA association. Our study excluded all women with psoriasis, previously demonstrated to be associated with obesity, to eliminate possible misclassification of psoriatic arthritis as seronegative RA. 36 To ensure that our referent BMI category included predominantly healthy women, we excluded those with extreme low weight (BMI <18.5 kg/m 2 ). The prospective Iowa Women's Health cohort study identified 158 RA cases and observed no association between BMI >29.2 kg/m 2 compared with a BMI <23.4 kg/m 2 assessed at baseline and incident RA assessed 11 years later. They also did not observe an association between BMI at age 18 years and adult onset RA. 16 Compared with the NHS and NHSII, the women enrolled in the Iowa Women's Health study were generally older at enrolment (mean age 61.5 years) with a mean age at symptom onset of 67.8 years (range 57-79 years). In our study, we observed that the association for BMI and RA was stronger among women diagnosed with RA at earlier ages, and we did not observe a significant association between BMI and RA when we restricted to RA cases diagnosed after age 55 years. Hence, if BMI is a weak risk factor for RA diagnosed at older ages, a cohort comprised primarily of older women would not observe this association. This could also account for the lack of association between BMI and Bold typeface indicates significant results. *Adjusted for age, community median income, smoking (pack-years), alcohol use (<5.0, 5.0-<15.0, ≥15 g/day) and physical activity (0-3, 3-9, 9-18, 18-27, ≥27 METs/week). †p Value for test of heterogeneity (het) between the 2 cohorts. Risk estimates were pooled by using a DerSimonian and Laird random-effects model. MET, metabolic equivalent; RA, rheumatoid arthritis. risk of RA in the UK primary care study that included 579 RA cases spanning a wide age range of 20-79 years, 14 and for the lack of association observed in the prior NHS study. 35 Our study findings are consistent with those of prior studies that identified an association between obesity and RA diagnosis among younger women. A population-based case control study of RA including 349 incident RA cases and 1457 controls observed that premenopausal women in the highest quartile of BMI had a RR of 1.5 (95% CI 1.0 to 2.3), and postmenopausal women had a RR of 1.4 (95% CI 1.0 to 2.0) for developing RA. 8 A case-control study of Minnesota residents composed of 813 RA cases and 813 controls observed a similar phenomenon where a history of obesity was associated with RA diagnosis under 60 years of age (OR 1.32, 95% CI 1.00 to 1.72), but not associated with RA diagnosed at age 60 years or more (OR 1.15, 95% CI 0.82 to 1.61). 10 With recent understanding of the metabolic activity of adipose tissue, there is a growing recognition of obesity as a proinflammatory state. 3 There is evidence suggesting a role of obesity in the development of other chronic diseases, such as type 2 diabetes and cardiovascular disease. 5 It is hypothesised that adipose tissue may be exerting its effects on the pathogenesis of these diseases via inflammatory adipokines. 3 The systemic overload of adipose-derived cytokines is a proposed cause of immune, endocrine, reproductive and metabolic dysfunction in obesity. Studies have shown increased levels of proinflammatory adipokines in obese and overweight persons diagnosed with metabolic syndrome or cardiovascular disease. 37 Adipokines originate in adipose tissue and are secreted by adipocytes and adipose-resident macrophages. Adipocytes present in obese and overweight individuals have been shown to secrete inflammatory markers such as CRP, amyloid A, TNF-α, IL-6, interleukin-1 β (IL-1β), monocyte chemotactic protein-1 (MCP-1), and macrophage migration inhibitory factor (MIF). 4 5 37 Studies have shown significantly elevated levels of these inflammatory markers in preclinical RA. [38] [39] [40] [41] Hence, there is biological plausibility to implicate obesity in RA pathogenesis. The tests for interactions between BMI and other known risk factors for RA were not significant. While physical activity and BMI are highly correlated variables, adding physical activity, as we have done, does not attenuate the risk associated with BMI. Other cohorts, such as that in Rochester, Minnesota, have observed a gradual increase in the population-based incidence of RA over time, especially among women, and have attributed this to rising rates of obesity. 10 By contrast, the NHS and NHS2 are select birth cohorts, and thus it is not possible to obtain population-based incidence rates. Future studies examining the joint influence of BMI, physical activity and smoking on RA risk would add knowledge to the mechanisms leading to RA.
Our study has a number of strengths. We prospectively identified incident cases of RA from two large cohort studies, which enabled the detailed collection of predisease measures of BMI as early as 18 years of age, and information on potential confounders such as smoking status, alcohol use and physical activity allowed for time-varying analyses. Lagged analyses using single BMI measures at 4 years and 6 years prior to RA diagnosis yielded results consistent with our time-varying BMI and cumulative average BMI results indicating that our findings are unlikely to be influenced by recall bias, preclinical metabolic changes, or reverse causation. Our cumulative BMI results suggest that long-term obesity and overweight exposures are strongly associated with risk of RA. Also, by using two cohorts, we were able to examine associations between BMI and RA diagnosed at different ages.
We acknowledge the limitations of our study. BMI is recognised as a valid measure of absolute fat mass adjusted for height, yet the use of BMI as a measure of fat mass decreases over the life-course. 42 Among middle-aged adults, the vast majority of variation in weight, after accounting for height, is attributed to differences in fat. However, many elderly people lose substantial amounts of lean body mass in their older age which contributes to interindividual difference observed between older adults. 43 For these reasons, the lack of an observed association between BMI and RA diagnosed at older ages may result from limitations of BMI as an accurate measure of fat mass among older women. Our definition of early RA onset of 55 years or younger was selected based on prior studies that have used a range of thresholds to distinguish early from late onset RA. 32 We also considered that women, on average, reach their peak BMI between the ages of 50 and 59. 33 Hence, our findings require replication in an independent cohort. Our findings also raise the possibility that our observed BMI and RA association may be due to an unhealthy diet rather than BMI alone. Further studies are needed to investigate whether dietary factors are more related to risk of RA. We acknowledge that our study was limited to women, and may not be generalisable to men with RA. Lastly, there is potential misclassification in separating those who are seropositive from those who are seronegative. Since ACPA was available only in later years of the cohorts, it is possible that some subjects who were RF-negative may be ACPA-positive, but since these biomarkers tend to be highly correlated, we expect that the misclassification of RA cases is minimal.
The incidence of RA in our population is in keeping with prior reports from European countries, yet is lower than prior estimates from the Olmsted County, Minnesota's hospital case-based reports. 44 This is likely due to the fact that we conducted a cohort analysis among a population of healthy, working women who were enrolled in NHS from ages 30 to 55 years, studied over only 25 years, rather than reporting a lifetime risk or incidence rate over the lifespan. Hence, our ability to capture subjects with early symptoms, or who were not working as nurses at baseline was limited and the generalisability of our findings was also limited to this middle-age range. However, our ability to observe an association between BMI and RA risk while applying our stringent case definitions supports the robust nature of this association.
CONCLUSIONS
In conclusion, we observed that being obese increased the risk of RA in women by 40-70% depending on age and serologic status. The highest risk for RA was among women who were overweight or obese at age 18 years, emphasising the public health importance of combating the obesity epidemic at all ages. Our study implicates being overweight or obese throughout adult life as a risk factor in the development of seropositive and seronegative RA for women diagnosed with RA at age 55 years or younger. The attenuated association between BMI and RA diagnosed at older ages may reflect differences in the pathophysiology of RA diagnosed at earlier ages compared with that diagnosed at older ages, or may be a result of the limitations of BMI as a measure of total fat mass as women age.
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